Ruthenium nitrosyl complexes of the general formulas (cation) + [cis-RuCl 4 (NO)(Hazole)] − , where (cation) + = (H 2 ind) + , Hazole = 1H-indazole (Hind) (1c), (cation) + = (H 2 pz) + , Hazole = 1H-pyrazole (Hpz) (2c), (cation) + = (H 2 bzim) + , Hazole = 1H-benzimidazole (Hbzim) (3c), (cation) + = (H 2 im) + , Hazole = 1H-imidazole (Him) (4c) and (cation) + [trans-RuCl 4 (NO)(Hazole)] − , where (cation) + = (H 2 ind) + , Hazole = 1H-indazole (1t), (cation) + = (H 2 pz) + , Hazole = 1H-pyrazole (2t), as well as osmium analogues of the general formulas (cation) + [cis-OsCl 4 (NO)(Hazole)] − , where (cation) + = (n-Bu 4 N) + , Hazole =1H-indazole (5c), 1H-pyrazole (6c), 1Hbenzimidazole (7c), 1H-imidazole (8c), (cation) + = Na + ; Hazole =1Hindazole (9c), 1H-benzimidazole (10c), (cation) + = (H 2 ind) + , Hazole = 1Hindazole (11c), (cation) + = H 2 pz + , Hazole = 1H-pyrazole (12c), (cation) + = (H 2 im) + , Hazole = 1H-imidazole (13c), and (cation) + [trans-OsCl 4 (NO)-(Hazole)] − , where (cation) + = n-Bu 4 N + , Hazole = 1H-indazole (5t), 1H-pyrazole (6t), (cation) + = Na + , Hazole = 1H-indazole (9t), (cation) + = (H 2 ind) + , Hazole = 1H-indazole (11t), (cation) + = (H 2 pz) + , Hazole = 1H-pyrazole (12t), have been synthesized. The compounds have been comprehensively characterized by elemental analysis, ESI mass spectrometry, spectroscopic techniques (IR, UV−vis, 1D and 2D NMR) and X-ray crystallography (1c·CHCl 3 , 1t·CHCl 3 , 2t, 3c, 6c, 6t, 8c). The antiproliferative activity of water-soluble compounds (1c, 1t, 3c, 4c and 9c, 9t, 10c, 11c, 11t, 12c, 12t, 13c) in the human cancer cell lines A549 (nonsmall cell lung carcinoma), CH1 (ovarian carcinoma), and SW480 (colon adenocarcinoma) has been assayed. The effects of metal (Ru vs Os), cis/trans isomerism, and azole heterocycle identity on cytotoxic potency and cell line selectivity have been elucidated. Ruthenium complexes (1c, 1t, 3c, and 4c) yielded IC 50 values in the low micromolar concentration range. In contrast to most pairs of analogous ruthenium and osmium complexes known, they turned out to be considerably more cytotoxic than chemically related osmium complexes (9c, 9t, 10c, 11c, 11t, 12c, 12t, 13c). The IC 50 values of Os/Ru homologs differ by factors (Os/Ru) of up to ∼110 and ∼410 in CH1 and SW480 cells, respectively. ESI-MS studies revealed that ascorbic acid may activate the ruthenium complexes leading to hydrolysis of one M−Cl bond, whereas the osmium analogues tend to be inert. The interaction with myoglobin suggests nonselective adduct formation; i.e., proteins may act as carriers for these compounds.
■ INTRODUCTION
Ruthenium nitrosyl complexes have been of interest to researchers since 1965. 1 Numerous compounds have been prepared with the aims of studying the structure and bonding in ruthenium complexes with noninnocent NO ligand, 2 investigating novel reactivities, 3 and, in particular, considering them as potential precursors for the synthesis of N 2 complexes, 3a as models for the investigation of the elementary key steps in the global biogeochemical nitrogen cycle. 4 Other aspects of biological, medicinal, and environmental applications emphasiz-ing the significance of ruthenium nitrosyl compounds have been subjects of reviews, 3d,5 as have their use as catalysts or catalyst precursors in a number of organic reactions. 5, 6 Ruthenium and osmium classic coordination compounds, as well as organoruthenium(II) and organoosmium(II) complexes, are subjects of current investigation as promising anticancer drug candidates. 7, 8 Two most prominent investiga-tional drugs, namely (H 2 ind)[trans-Ru III Cl 4 (Hind) 2 ], where Hind = 1H-indazole, (KP1019) 9 and (H 2 im)[trans-Ru III Cl 4 (DMSO)(Him)], where Him = imidazole, (NAMI-A), 10 are currently in phase I−II clinical trials. The prodrug trans-[Ru III Cl 4 (Hind) 2 ] − is active as an anticancer agent in preclinical models of colon cancer and other malignancies 11 as well as in the clinical setting in refractory solid tumors including metastatic disease. 9 Although the antitumor activity of this compound was reported about 20 years ago, the mechanism of action remains unclear at least at the molecular level, and the identification of its active species is of major interest. Recently, it was reported that the combined antiangiogenic and antiinvasive properties of NAMI-A are attributed to a NO capturing mechanism responsible for metastasis control of this investigational drug. 12 The high affinity of ruthenium to NO is welldocumented in the literature. 13 The pronounced effect on angiogenesis of NAMI-A was confirmed in the chick allantoic membrane and in the eye cornea model in the rabbit. 14, 15 It should also be noted that NO, which is produced by a number of nitric oxide synthase (NOS) enzymes from L-arginine in the body, 16 plays a major role as a signaling molecule in biological signal transducing systems, e.g., in blood pressure regulation, 17, 18 neurotransmission, 19, 20 inflammatory response, 21, 22 as well as necrosis 23 and apoptosis. 24, 25 Nitric oxide is therefore essential in biological systems, but its excess as well as deficiency leads to pathologies. All this prompted us to synthesize ruthenium-and osmium-nitrosyl complexes with azole heterocycles and to test them for antiproliferative activity in human cancer cell lines.
Herein we report on the synthesis of 20 cis and trans isomers of ruthenium-and osmium-nitrosyl complexes (18 of which are new) of the general formula (cation) [MCl 4 (NO)(Hazole)] (Chart 1) aiming at the study of the cis−trans effect on their spectroscopic features, as well as the effects of metal (Ru vs Os), cis/trans isomerism, azole heterocycle, and counterion identity on their antiproliferative activity.
■ EXPERIMENTAL SECTION
Materials. Na 2 [RuCl 5 (NO)]·6H 2 O was synthesized as just reported in the literature. 26 RuCl 3 and OsO 4 were purchased from Johnson Matthey. NH 2 OH·HCl, K 2 C 2 O 4 ·H 2 O, NaNO 2 , 1H-indazole (Hind), 1H-benzimidazole (Hbzim), 1H-pyrazole (Hpz), and 1Himidazole (Him) were from Aldrich and Acros, while Na 15 NO 2 was from Cambridge Isotope Laboratories. All these chemicals were used without further purification. (H 2 azole) 2 [RuCl 5 (NO)] (Hazole = Hpz, H i m , H i n d , H b z i m ) w e r e p r e p a r e d b y h e a t i n g Na 2 [RuCl 5 (NO)]·6H 2 O with the corresponding azole heterocycle in 6 M HCl. (n-Bu 4 N) 2 [OsCl 5 (NO)] was synthesized as described in the literature. 27, 28 (n-Bu 4 N)[cis-OsCl 4 (NO)(Hind)] (5c) and (n-Bu 4 N)-[trans-OsCl 4 (NO)(Hind)] (5t) were prepared by reaction of (n-Bu 4 N) 2 [OsCl 5 (NO)] with 1H-indazole and separated by fractional crystallization. 29 L(+)-Ascorbic acid was obtained from Acros, and ubiquitin (bovine erythrocytes) and myoglobin (equine heart) from Chart 1. Compounds Reported in This Work a Underlined compounds have been studied by X-ray crystallography. b Atom labeling was introduced for assignments of resonances in NMR spectra. Sigma. The solvents for ESI-MS studies were methanol (VWR Int., HiPerSolv CHROMANORM), formic acid (Fluka), and Milli-Q water (18. 2 MΩ, Synergy 185 UV Ultrapure Water System, Millipore, France).
Inorganic Chemistry
Syntheses of Complexes. (H 2 ind)[cis-RuCl 4 (NO)-(Hind)]·0.25CHCl 3 (1c·0.25CHCl 3 ) and (H 2 ind)[trans-RuCl 4 (NO)-(Hind)]·CHCl 3 (1t·CHCl 3 ). A suspension of (H 2 ind) 2 [RuCl 5 (NO)] (230 mg, 0.36 mmol) in 1-propanol (8 mL) was heated at 75°C for 6 h. The solvent was removed in vacuo, and the residue was dissolved in chloroform. Fractional crystallization afforded rose crystals of transisomer 1t·CHCl 3 (first fraction) which was filtered off, washed with diethyl ether, and dried in vacuo. Yield: 47 mg, 21%. The second fraction crystallized as cis-isomer 1c·0.25CHCl 3 was filtered off, washed with diethyl ether, and dried in vacuo. Yield: 79 mg, 36%. Analytical data for 1c follow. Anal. Calcd for C 14 H 13 15 N NMR (DMSO-d 6 , 50.68 MHz), δ, ppm: 135.08 (N 1 ). Suitable crystals for X-ray diffraction study were grown by slow evaporation of a solution of 3c in dichloromethane.
(H 2 im)[cis-RuCl 4 (NO)(Him)]·0.1CHCl 3 (4c·0.1CHCl 3 ). A suspension of (H 2 im) 2 [RuCl 5 (NO)] (300 mg, 0.67 mmol) in 1-propanol was heated at 75°C for 19 h. The solvent was removed in vacuo and the residue dissolved in acetone. The unreacted starting material was precipitated as a rose powder by addition of chloroform to the acetone solution. The product was obtained by slow diffusion of diethyl ether into the mother liquor. Yield: 43 mg, 15%. Anal. Calcd for C 6 (Bu 4 N)[cis-OsCl 4 (NO)(Hpz)] (6c) and (Bu 4 N)[trans-OsCl 4 (NO)-(Hpz)] (6t). A mixture of 1H-pyrazole (48 mg, 0.70 mmol) and (n-Bu 4 N) 2 [OsCl 5 (NO)] (410 mg, 0.46 mmol) in n-butanol (10 mL) was heated at 105°C for 24 h. The solution was allowed to stand in an open beaker, and after 4 days blue crystals of the trans-isomer were isolated by filtration, washed with ethanol (2 × 3 mL) and diethyl ether (3 × 1 mL), and dried in vacuo. Yield: 92 mg, 30%. The filtrate produced red crystals of cis-isomer, which were filtered off on the next day, washed with ethanol (2 × 2 mL) and diethyl ether (2 × 1 mL), and dried in vacuo. Yield: 125 mg, 40%. Analytical data for 6c follow. Anal. Calcd for C 19 6 , 500.13 MHz), δ, ppm: 0.93 (t, 12H D , J = 7.3 Hz), 1.31 (sxt, 8H C , J = 7.3 Hz), 1.57 (qui, 8H B , J = 7.7 Hz), 3.16 (t, 8H, J = 8.4 Hz), 6.56 (qua, 1 H 4 , J = 2.2 Hz), 7.91 (t, 1H 5 , J = 1.8 Hz), 7.97 (t, 1 H 3 , J = 1.7 Hz), 13.28 (s, 1H 1 ). 13 C{ 1 H} NMR (DMSO-d 6 , 125.77 MHz), δ, ppm: 13.47 (C D ), 19 .17 (C C ), 23 .06 (C B ), 57.55 (C A ), 106.22 (C 4 ), 132.96 (C 5 ), 141.44 (C 3 ). 15 N NMR (DMSO-d 6 , 50.69 MHz), δ, ppm: 65.6 (N from Bu 4 N + ), 179.7 (N 2 ), 210.5 (d, N 1 ). Suitable crystals for X-ray diffraction study were picked manually from the reaction vessel under a microscope.
Analytical data for 6t follow. Anal. Calcd for C 19 Na[trans-OsCl 4 (NO)(Hind)]·1.8H 2 O (9t·1.8H 2 O). To a solution of (n-Bu 4 N)[trans-OsCl 4 (NO)(Hind)] 29 (5t) (200 mg, 0.27 mmol) in water/ethanol 1:1 (250 mL) was added ion exchanger Dowex Marathon C Na + -form (25 g). The suspension was stirred for 12 h, the ion exchanger was separated by filtration, and the solution lyophilized to give a blue solid. Yield: 122 mg, 90%. Anal. Calcd for C 7 H 6 Cl 4 N 3 NaOOs·1. (H 2 ind)[cis-OsCl 4 (NO)(Hind)] (11c). To 1H-indazole (20 mg, 0.17 mmol) in water (1.5 mL) was added 12 M hydrochloric acid (0.02 mL, 0.24 mmol). The resulting solution of indazolium chloride was then added to a solution of 9c (70 mg, 0.13 mmol) in water (1.5 mL). The reaction mixture produced a red solid, which was filtered off, washed with water (3 × 1 mL), and dried in vacuo. Yield: 35 mg, 45%. Anal. Calcd for C 14 . To a solution of 6c (196 mg, 0.29 mmol) in water/ethanol 1:1 (200 mL) was added ion exchanger Dowex Marathon C Na + -form (25 g). The suspension was stirred for 12 h, the ion exchanger separated by filtration, and the solution was reduced in volume to 3 mL by evaporation under reduced pressure. Pyrazole (20 mg, 0.29 mmol) and 12 M HCl (0.1 mL) were added, and the mixture was stirred at room temperature for 30 min. The solution was evaporated, and the red solid was dissolved in acetone to afford the product on slow evaporation of the solution. Yield: 123 mg, 85%. Anal. Calcd for C 6 was added ion exchanger Dowex Marathon C Na + -form (25 g). The suspension was stirred for 12 h, the ion exchanger separated by filtration, and the solution volume reduced to 5 mL. Pyrazole (20 mg, 0.3 mmol) and 12 M HCl (0.1 mL) were added to this solution, and the mixture was stirred for 30 min. The solvent was removed under reduced pressure, and the blue solid was crystallized from acetone. Yield: 130 mg, 87%. Anal. Calcd for C 6 . To a solution of 8c (210 mg, 0.31 mmol) in water/ethanol 1:1 (200 mL) was added ion exchanger Dowex Marathon C Na + -form (25 g). The suspension was stirred for 12 h, the ion exchanger separated by filtration, and the solution was evaporated under reduced pressure to a volume of ca. 4 mL. 1H-Imidazole (21 mg, 0.31 mmol) and 12 M HCl (0.1 mL) were added to this solution, and the mixture was stirred at room temperature for 30 min. The solvent was removed under reduced pressure, and the red solid was crystallized from acetone. Yield: 131 mg, 85%. Anal. Calcd for C 6 Physical Measurements. Elemental analyses were performed by the Microanalytical Service of the Faculty of Chemistry of the University of Vienna. MIR spectra were measured by using an ATR unit with a Perkin-Elmer 370 FTIR 2000 instrument (4000−400 cm −1 ). FIR spectra were obtained with the same instrument in transmission mode using CsI-pellets. UV−vis spectra were recorded on a Perkin-Elmer Lambda 20 UV−vis spectrophotometer using samples dissolved in DMSO, DMF, THF, water, or methanol. The 1 H, 13 C, and 15 N NMR spectra were recorded at 500.32, 125.82, and 50.70 MHz on a Bruker DPX500 (Ultrashield Magnet) in DMSO-d 6 . 2D 13 C 1 H HSQC, 15 N 1 H HSQC, 13 C 1 H HMBC, and 1 H 1 H COSY experiments were performed. Atom labeling with an apostrophe (Y x ′) was introduced for assignment of the azolium ions resonances in NMR spectra (Chart 1). Individual peaks are marked as singlet (s), doublet (d), triplet (t), quartet (qua), quintet (qui), multiplet (m), 
where n is the number of reflections and p is the total number of parameters refined.
Article dx.doi.org/10.1021/ic400555k | Inorg. Chem. 2013, 52, 6273−6285 pseudodoublet (ps d), pseudotriplet (ps t). Electrospray ionization mass spectrometry was carried out with a Bruker Esquire 3000 instrument (Bruker Daltonics, Bremen, Germany) by using methanol as solvent. Expected and measured isotope distributions were compared. ESI-MS studies for monitoring hydrolysis and the reactivity toward biomolecules were performed on a Bruker AmaZon ion trap mass spectrometer (Bruker Daltonics GmbH, Bremen, Germany) by direct infusion at 4 μL/min using the following parameters: RF level 55%, average accumulation time 61 μs, trap drive 57.3, dry temp 180°C , nebulizer 8 psi, dry gas 6 L/min, HV capillary +4.5 kV. For protein experiments, the samples were diluted with water/methanol/formic acid (50/50/0.1) prior to injection, and the following parameters were optimized: RF level 114%, average accumulation time 10 μs, nebulizer 6 psi, HV capillary −3.5 kV. Protein spectra were acquired over 0.5 min and averaged. Maximum entropy deconvolution was obtained by automatic data point spacing and 0.2 instrument peak width. The spectra were recorded and processed using ESI Compass 1.3 and Data Analysis 4.0 software (Bruker Daltonics GmbH, Bremen, Germany).
Crystallographic Structure Determination. X-ray diffraction measurements of ruthenium complexes were performed on a Bruker X8 APEXII CCD diffractometer, while those of osmium complexes were performed on an Oxford-Diffraction XCALIBUR, both equipped with an Oxford Cryosystem cooler device. The single crystals of 1c·CHCl 3 , 1t·CHCl 3 , 2t, and 3c were positioned at 35 mm from the detector, and 1866, 899, 788, and 898 frames were measured, each for 30, 20, 20, and 10 s over 1°or 2°(3c) scan width. The data for ruthenium complexes were processed using SAINT software. 30 The unit cell determination and data integration for osmium complexes were performed using the CrysAlis RED package. 31 Crystal data, data collection parameters, and structure refinement details are given in Tables 1 and 2. The structures were solved by direct methods and refined by full-matrix least-squares techniques. All non-hydrogen atoms were refined with anisotropic displacement parameters. H atoms were inserted in calculated positions and refined with a riding model. The following software programs and computer were used: structure solution, SHELXS-97; refinement, SHELXL-97; 32 molecular diagrams, ORTEP-3; 33 Cells were grown as adherent cultures in 75 cm 2 flasks (Iwaki) in Minimal Essential Medium supplemented with 10% heat-inactivated fetal bovine serum, 1 mM sodium pyruvate, 1% nonessential amino acids (from 100× ready-to-use stock), and 4 mM L-glutamine (all purchased from Sigma-Aldrich Austria) without antibiotics at 37°C under a moist atmosphere containing 5% CO 2 and 95% air.
Cytotoxicity was determined by the MTT assay (MTT = 3-(4,5dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide). For this purpose, cells were harvested from culture flasks by trypsinization and seeded in aliquots of 100 μL/well into 96-well microculture plates (Iwaki) in the following cell densities to ensure exponential growth of untreated controls: 2.7 × 10 3 (A549), 0.9 × 10 3 (CH1), and 2.3 × 10 3 (SW480) cells/well. Cells were allowed to settle for 24 h and then exposed to the test compounds by addition of 100 μL/well aliquots of appropriate dilutions in culture medium. After exposure for 96 h, the medium was replaced with 100 μL/well of a 1:6 mixture of MTT solution (5 mg MTT reagent per ml phosphate-buffered saline) and RPMI 1640 medium. The medium/MTT mixture was replaced after 4 h with 150 μL/well DMSO to dissolve the formazan product formed by viable cells. Optical densities at 550 nm (corrected for unspecific absorbance at 690 nm) were measured with a microplate reader (Tecan Spectra Classic) to yield relative quantities of viable cells. The 50% inhibitory concentrations (IC 50 ) were calculated by interpolation. Evaluation is based on at least three independent experiments, except for cases of inactivity, which were tested only twice. 
Article dx.doi.org/10.1021/ic400555k | Inorg. Chem. 2013, 52, 6273−6285 isomers of (H 2 ind)[RuCl 4 (NO)(Hind)] (compounds 1c and 1t, respectively) was realized by fractional crystallization in chloroform. The less soluble trans-isomer 1t crystallized first, and the more soluble cis-isomer 1c thereafter. The separation of complexes 2c and 2t was attempted analogously. The less soluble trans-compound 2t crystallized first. The second fraction, however, proved to be a 1:1 mixture of cis and trans complexes 2c and 2t as confirmed by 1 H NMR and X-ray crystallography. The quality of X-ray data was too poor for publication. It should be noted that the preparation of (H 2 im)[trans-RuCl 4 (Him)(NO)] starting from (H 2 im)[trans-RuCl 4 (dmso-O)(NO)] was reported by Alessio et al., when they studied the reactivity of NAMI-A (and analogues) toward NO. 12 Our attempts to prepare this compound by following the published procedure were not successful. However, we succeeded in synthesizing the corresponding cis-isomer 4c. Osmium complexes 6c and 6t were prepared by reacting 1Hpyrazole with (n-Bu 4 N) 2 [OsCl 5 (NO)] in 1-butanol at 105°C for 24 h. Fractional crystallization of the reaction mixture afforded 30% of the blue trans-isomer 6t and then by slow evaporation of the filtrate 40% of red crystals of the cis-isomer 6c. The reaction of 1H-benzimidazole and 1H-imidazole with (n-Bu 4 N) 2 [OsCl 5 (NO)] in 1-butanol on heating led to cisisomers 7c and 8c in 70% and 75% yield, respectively. The formation of trans-isomers under these reaction conditions was negligible. To improve the aqueous solubility, to make the estimation of the toxicity caused by the tetrabutylammonium cation possible, and to elucidate structure−activity relationships, some tetrabutylammonium salts of osmium complexes were converted into the corresponding sodium and/or azolium salts. In particular, complexes 5c, 5t, and 7c were treated with DOWEX Marathon C exchange resin for 12 h affording sodium salts 9c, 9t, and 10c in 90−92% yield. Metathesis reactions of complexes 9c and 9t with indazolium chloride in water gave rise to 11c and 11t in 45% and 52% yield, respectively. Starting from 6c and 6t the corresponding sodium salts Na[cis-OsCl 4 (NO)(Hpz)] and Na[trans-OsCl 4 (NO)(Hpz)] prepared in situ were further reacted with pyrazolium chloride to give cisand trans-(H 2 pz)[OsCl 4 (NO)(Hpz)] (compounds 12c and 12t) in 85−87% yield. The formation of ruthenium-and osmium-nitrosyl complexes with azole heterocycles was confirmed by negative ion ESI mass spectra, which showed the presence of peaks attributed to [MCl 4 (NO)(Hazole)] − , where M = Ru, Os. All compounds possess an S = 0 ground state as confirmed by "normal" 1 H NMR spectra (without paramagnetic shift and line broadening) even at room temperature, which is in agreement with the proposed structures for compounds shown in Chart 1. Cis-isomers are characterized by lower ν(NO) wavenumbers than the transspecies. In particular, stretching vibration ν(NO) for 1c is seen at 1854, while that of 1t is at 1891 cm −1 . This vibration and the shift observed for trans-isomers relative to cis-ones (Δν) is markedly affected by counterion. The Δν for isomers 9c (1825 cm −1 ) and 9t (1830 cm −1 ) is only 5 cm −1 . For pyrazole derivatives 6c and 6t the ν(NO) was observed at 1811 and 1830 cm −1 , while for related complexes 12c and 12t it was observed at 1818 and 1828 cm −1 . The 15 N resonances of 15 NO enriched isomers 1c and 1t are seen at 339.5 and 343.5 ppm versus solid 15 NH 4 Cl. The established spectroscopic differences for cis-and trans-isomers [ 1 H, 15 N NMR chemical shifts, ν(NO)] can serve as reliable diagnostic criteria for their identification. Note that this assignment became possible only after investigation of the isolated products by X-ray crystallography (vide infra) and correlation of their solid state structure with spectroscopic properties.
Crystal Structures. The crystal structures of 1c·CHCl 3 , 1t·CHCl 3 , 2t, and 3c contain essentially octahedral complexes of the general formula [RuCl 4 (NO)(Hazole)] − (Figure 1) . Complexes 1c, 1t, and 2t crystallized in the triclinic centrosymmetric space group P1̅ , while 3c crystallized in the orthorhombic noncentrosymmetric space group P2 1 2 1 2 1 . The asymmetric unit of 2t, in contrast to those of 1c, 1t, and 3c, consists of two crystallographically independent complex anions, with well-comparable metric parameters. Compounds 1c and 3c are cis-isomers, in which three chlorido ligands and one NO molecule are bound to ruthenium in equatorial plane, and the axial sites are occupied by an azole heterocycle and fourth chlorido ligand. In trans-isomers 1t and 2t the equatorial plane is occupied by four chlorides, and the axial positions by NO and the azole heterocycle. Table 3 quotes some geometrical parameters of the ruthenium coordination sphere in 1c, 1t, 2t, and 3c. It can be easily seen that Ru−N1, Ru−N3, and N3−O1 bonds in cisisomer 1c are significantly (6σ) shorter than in trans-isomer 1t. In addition, the deviation from linearity of the Ru−N3−O1 bond is more pronounced in the trans-isomer than in cis.
The X-ray diffraction structures of complex anions in osmium complexes 6c, 6t, and 8c are shown in Figure 2 , and selected geometrical parameters can be seen in Table 4 . Compounds 6c and 8c crystallized in the monoclinic space group P2 1 /c, while 6t crystallized in the monoclinic space group C2/c.
NMR Spectra of Ruthenium-and Osmium-Nitrosyl
Complexes. 1 H and 13 C NMR spectra of compounds with azolium (1c, 1t, 2c, 2t, 3c, 4c, and 11c, 11t, 12c, 12t, 13c) , sodium (9c, 9t, 10c), and n-Bu 4 N (6c, 6t, 7c, 8c) as countercations in DMSO-d 6 indicate that they remain intact in solution over several days at room temperature. The spectra show signals due to n-Bu 4 N + or azolium cations and the coordinated azole heterocycles. The 1 H NMR spectra are well resolved and display identical signal sets for coordinated and metal-free azoles suggesting a diamagnetic {M(NO)} 6 configuration.
1 H NMR spectra of azolium cations reveal a set of split signals which is typical for a protonated azole heterocycle: two singlets for the pyrazolium cation in (2c, 2t, 12c, 12t) at 6.31 and 7.68 ppm with relative intensities 1:2 (1H 4 ′, 2H 3,5 ′) in accord with C 2 molecular symmetry for this cation; two triplets at 7.11 (1H 5 ′) and 7.34 (1H 6 ′) ppm, two doublets at 7.53 (1H 7 ′) and 7.75 ppm (1H 4 ′), and one singlet at 8.07 ppm (1H 3 ′) for the indazolium cation in 1c, 1t, 11c, 11t; two multiplets at 7.59 ppm (H 5,6 ′), 7.86 (H 4,7 ′) and one singlet (H 2 ′) for the benzimidazolium cation in 3c with relative intensities 2:2:1 in line with its C 2 symmetry; imidazolium proton signals in 4c and 13c appear at 7.01 (H 4,5′ ), 9.10 (H 2′ ), and 14.31 (H 1,3′ ) with relative intensities of 2:1:2.
Cis or trans configuration of a complex can be easily assigned by the chemical shift of the H 1 signal. The signals for cisisomers are shifted to lower field (around 13 ppm) as compared to those for trans-complexes (around 12 ppm). The cis/trans shift difference for the signal of H 1 can be up to 1.3 ppm. We measured two-dimensional NMR spectra for compounds 1c, 1t, 2c, 3c, 6c, 6t, 7c, 8c ( 15 N, 1 H HSQC, 13 C, 1 H HSQC, 13 C, 1 H HMBC, 1 H, 1 H NOESY, 1 H, 1 H COSY).
Indazole Compounds. The 1 H NMR signals of the coordinated indazole in 1c, 1t, 9c, 9t, 11c, and 11t show almost identical chemical shifts for all signals, except for H 1 , the resonance of which appears at 13.28 (1c), 13.47 (9c), and 13.50 (11c) ppm for cis-compounds and 12.95 (1t), 12.99 (9t) and 13.00 (11t) ppm, respectively, for trans-compounds. These have been identified from 15 N, 1 H HSCQ spectra (see Figures S1, S2). Another singlet for H 3 is observed at 8.6 ppm. The multiplicity of the proton resonances of coordinated indazole is the same as for the metal-free indazole. 1 H, 1 H COSY spectra indicate H 4 −H 5 and H 6 −H 7 couplings (see Figures S3, S4) . A coupling of H 3 with H 4 can be found in 1 H, 13 C HMBC spectra (see Figures S5, S6 ). Hence, two doublets are due to H 4 (7.9 ppm) and H 7 (7.7 ppm), and two triplets can be assigned to H 5 (7.2 ppm) and H 6 (7.4 ppm). The 13 C{ 1 H} NMR spectra show CH signals for C 7 , C 4 , C 5 , and C 6 at 112, 121, 122, and 129 ppm, correspondingly (see Figures S7, S8) . C 3 is detected at 137 ppm, and two signals originating from the quaternary carbons C 8 and C 9 are at 121 and 140 ppm, respectively (see Figures S5, S6 ). Assignment of signals from indazole coordinated to ruthenium and osmium was performed analogously.
Benzimidazole Compounds. The 1 H NMR spectra of the coordinated benzimidazole in 3c, 7c, and 10c show almost identical chemical shifts for all signals, except for H 1 which is seen at 13.47 (3c) and 13.57 ppm (7c), respectively (not detected in 10c), in 15 N, 1 H HSCQ spectrum (see Figure S9 ). Another singlet for H 2 is observed at 8.7 ppm. H 7 can be Figure S10 ). The 13 C{ 1 H} NMR spectrum shows CH signals for C 7 , C 4 , C 5/6 , and C 5/6 at 113, 119, 123, and 124 ppm, correspondingly. C 2 is detected at 147 ppm, and two signals originating from the quaternary carbons C 8 and C 9 are at 132 and 139 ppm (see Figure S11 ). Assignment of signals from benzimidazole coordinated to ruthenium and osmium was performed analogously. The spectroscopic (IR, NMR) data, the diamagnetic properties, and X-ray diffraction structures indicate that the monoanionic complexes [MCl 4 (NO)(Hazole)] − can be described as {M(NO)} 6 systems according to the notation introduced by Feltham and Enemark, where 6 is the sum of the number of electrons in the Ru(Os) d orbitals and the number of electrons in the nitrosyl π* orbitals. 2a Aqueous Solubility, Resistance to Hydrolysis, and Reactivity toward Ubiquitin and Myoglobin. The aqueous solubility of complexes 1c, 1t, 2c, 2t, 3c, and 4c at 298 K varies between 1.3 mM (3c) and 5.4 mM (4c), depending on the azole heterocycle identity and the countercation. The aqueous solution behavior of 1c, 1t, 11c, and 11t with respect to hydrolysis was studied by optical spectroscopy. The UV−vis spectra of isomers 1c and 1t are shown in Figure 3 In order to obtain one negative charge, the metal complex/metal ion must consequently be reduced by one electron. Hence, in the cases of the ruthenium analogues, the loss of indazole and NO in the mass spectrometer seems to be accompanied by a chemical reduction. Such a behavior was not observed for the osmium complexes. Generally, the simulated and experimental isotopic distributions match perfectly.
The unexpected redox behavior of ruthenium complexes prompted the investigation of the reactivity of both ruthenium and osmium complexes in the presence of ascorbic acid, a natural reducing agent present in every cell. Complexes 5c and 5t were stable in the presence of 8 equiv ascorbic acid for at least 3 days, as indicated by the presence of peaks attributed to [M] − (100%) and [M − (Hind)] − (17 ± 6%) ions, which were similarly observed when purely aqueous solutions were measured. In contrast, the mass spectra recorded upon the incubation of 1c and 1t with 8 equiv ascorbic acid showed complete conversion into one species within 6 h corresponding to [M − HCl] − (m/z 355.9 ± 0.1, m theor = 355.85). Transient adduct formation with ascorbic acid was observed as indicated by the mass signal at [M − Cl + Asc + H 2 O] − (m/z 549.9, m theor = 549.89), Figure 6 . Therefore, it seems that the ruthenium analogues can be activated by biological nucleophiles such as ascorbic acid leading to hydrolysis, whereas this feature was not observed for the investigated osmium compounds. The different redox behavior of the ruthenium and osmium complexes potentially provides a reason for the higher antiproliferative activity of ruthenium complexes compared to the osmium analogues.
Since the biological effect of metallodrugs may be associated with their binding to proteins, the reactivity of the four compounds was investigated toward ubiquitin (Ub) and myoglobin (Mb). The reactivity of the complexes in water and even in the presence of 8 equiv ascorbic acid yielded, however, no proof of any selective interaction in contrast to experiments with other metallodrugs. 35 The only interaction products stem from nonselective electrostatic interactions of the intact negatively-charged complexes with the positivelycharged proteins ( Figure S14 ). This suggests that serum proteins may serve as a carrier for the present metallodrugs. Inhibition of Cancer Cell Growth. Antiproliferative activity of novel cis-and trans-configured ruthenium-and osmium-based nitrosyl complexes with azole heterocycles was studied in the human cancer cell lines A549, CH1, and SW480. The IC 50 values of ruthenium/osmium nitrosyl complexes are presented in Table 5 . The ruthenium complexes showed similar effects in the generally more chemosensitive ovarian carcinoma cell line CH1 and the colon carcinoma cell line SW480, whereas the nonsmall cell lung cancer cell line A549 proved to be much less sensitive. On the other hand, both SW480 and A549 cells are more or less insensitive to the majority of the osmium complexes.
Overall, ruthenium complexes (1c, 1t, 3c and 4c) yielded IC 50 values in the low micromolar range and turned out to be much more cytotoxic than osmium complexes (9c, 9t, 10c, 11c, 11t, 12c, 12t, 13c), which mostly require concentrations of >100 μM to exert noteworthy effects. In three specific cases, a comparison of analogues differing only in the central metal was possible (1c vs 11c, 1t vs 11t, 4c vs 13c). Concentration−effect curves of these pairs of analogues are depicted in Figure 7 (for 3c, 9c, 9t, 10c, 12t, 13c, see Figure S15 ). The strongest difference was observed between trans-configured ruthenium complex 1t (with indazole) and its osmium congener 11t, with IC 50 values differing by factors (Os/Ru) of ∼110 and ∼410 in CH1 and SW480 cells, respectively. A precise factor in A549 cells cannot be given because of the inactivity of 11t in the concentration range tested. Even the smallest differences, those between the corresponding cis isomers 1c and 11c, are very pronounced, with factors of 9−18 (depending on the cell line). The impact of cis/trans isomerism on cytotoxic potency is much smaller than that, and it is different depending on the central metal: The trans-configured ruthenium complex 1t is about 2 times more potent than its cis analogue 1c, based upon IC 50 values. In contrast, the cis-configured osmium complex 11c (with indazole) is about 3-to 10-fold more potent than its trans isomer 11t. Alessio et al. have reported IC 50 values in the range between 20 and 60 μM for the trans analogue of 4c (with Ru and imidazole), which they prepared as a model compound for potential NO-containing metabolites of NAMI-A (by formal replacement of dmso with NO), but values should be compared with caution because of methodological differences. Interestingly, though, the authors obtained discouraging results in a lymphoma model in vivo, but alternatively proposed testing their compound in solid tumors under the aspect that interactions with NO might be involved in the antiangiogenic effects of NAMI-A. 10b The much stronger activity of ruthenium complexes is particularly remarkable, since nearly all previous comparisons of ruthenium and osmium analogues revealed either similar activities of both or higher potency of some osmium analogues. 36−47 An exception was reported for one out of three pairs of Ru(III) and Os(III) tetrazole complexes, 48 where the ruthenium species was 30 times more cytotoxic than the osmium complex. However, the difference observed in the present work is much larger. This might be caused by the contrasting hydrolytic behavior of the complexes in the presence of reductants as established by kinetic massspectrometric studies. Nitric oxide is a multifunctional molecule involved in a number of physiological and pathological processes. It plays a role in cellular pathways (cGMP pathway, apoptosis, and necrosis), shows activity versus DNA and hemeiron proteins (soluble guanylate cyclase, cytochrome C oxidase, and myoglobin), and probably can interact with the mitochondrial respiration system and induce oxidative stress. 49−52 Our results as well as those reported by others indicate that the Ru−NO bond might be more labile 53 than the Os−NO bond. Studies on the effect of ruthenium and osmium complexes on the cGMP pathway, along with investigation of their reactivity toward amino acids, are underway in our laboratory, and the results will be reported in due course.
Final Remarks. The synthesis of 18 novel ruthenium and osmium nitrosyl complexes with azole heterocycles gave a unique opportunity to study structure−cytotoxicity relationships of such type of complexes. These include water-soluble compounds with biologically relevant countercations, as well as cis and trans isomers, which have been so far unavailable. Cisand trans-isomers can be identified by IR and NMR spectroscopy. Cis-complexes are generally characterized by lower ν(NO) wavenumbers than the trans-species; however, Δν for isomeric pairs is markedly affected by counterions. The 15 N resonance of 15 NO enriched cis-isomer 1c is upfield shifted relative to the trans-isomer 1t, and this is appropriate for isomer identification. The effects of metal (Ru vs Os), cis/trans isomerism, and azole heterocycle identity on cytotoxic potency in the human cancer cell lines A549, CH1, and SW480 have been elucidated. An unprecedented difference in cytotoxicity for chemically related pairs of ruthenium and osmium complexes has been found. The strongest difference was observed between (H 2 ind)[trans-RuCl 4 (NO)(Hind)] (1t) and (H 2 ind)[trans-OsCl 4 (NO)(Hind)] (11t), with IC 50 values differing by factors (Os/Ru) of ∼110 and ∼450 in CH1 and SW480 cells, respectively. This difference in cytotoxic activity is tentatively ascribed to the tendency of the compounds to be reduced in the biological environment. ESI-MS studies showed that 1c and 1t are activated in the presence of ascorbic acid leading to hydrolysis of the M−Cl bond, whereas the osmiumanalogues 5c and 5t were inert. ■ ASSOCIATED CONTENT * S Supporting Information 15 N, 1 H HSCQ spectra of 1c, 1t, and 3c (Figures S1, S2, S9); 1 H, 1 H COSY spectra of 1c, 1t, 3c ( Figures S3, S4 , S10); 1 H, 13 C HMBC spectra of 1c and 1t ( Figures S5, S6 ); 13 C, 1 H HMBC Figure 7 . Concentration−effect curves of ruthenium-(1c, 1t, and 4c; filled symbols) and osmium-based analogues (11c, 11t, and 13c; unfilled symbols) in A549 (A), CH1 (B), and SW480 (C) cells, based on means ± standard deviations of at least three independent experiments each.
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